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When a projectile hits sand, the projectile places high stresses on the sand surface. Granular 
materials at high stresses are liable to crushing. The pressure at which crushing occurs 
depends greatly on particle shape and relative density. These parameters also greatly 
influence the changes in particle shape and size after crushing. Additionally, projectiles 
fired at extremely high velocities are preceded by a pressure wave. This pressure wave can 
crush granular material before the projectile ever touches the surface. If the sand has been 
crushed and its inherent particle properties changed before projectile impact, the projectile 
may not behave as expected. Therefore, it is imperative to understand a wide variety of 
strength parameters in order to understand the mechanics of sands with different 
morphology. 
Furthermore, when performing experiments to obtain strength parameters, it is important 
to understand the limitations of these experiments. Particle size distribution methods such 
as standard sieve tests, imaging analysis, and light scattering techniques all involve a level 
of bias particle size bias in the data acquisition process. Additionally, standard triaxial 
testing assumes constant strain throughout the specimen based on overall displacement of 
the specimen during testing. This is an invalid assumption as strain localization occurs very 
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Chapter I discusses how particle shape influences strength parameters and deformation 
characteristics of sand. Ottawa and Q-rok sand were chosen for this experiment as Ottawa 
is classified as round and Q-rok is classified as angular; however, they both have very 
similar particle size distribution. Two different void ratio tests were completed and 
determined that angular sands give looser maximum and minimum void ratios than round 
sand and that ASTM void ratio methods do not always produce the most extreme maximum 
and minimum void ratios. Triaxial tests were conducted on both sands in a loose and dense 
state at three confining pressures to determine peak and critical friction angles as well as 
dilation angle and other volumetric data. Confining pressure had no influence on friction 
and dilation angles; however, particle shape and relative density did influence these angles 
as well as where peak angles occurred and the amount of dilation achieved.  
Isotropic consolidation tests revealed that angular sands expand and contract more than 
round sands at comparative relative densities and that the loose sands of both types 
experience more volumetric change than their dense counterparts. Lastly, One-dimensional 
compression tests were completed to understand how particle shape and relative density 
influence compressive strain behavior at high compressive strengths. These experiments 
found that there are three distinct portions of each graph: initial compression from particle 
rearrangement, particle crushing, and elastic recovery. Particle size distribution and particle 
shape were also analyzed from samples taken from the 1-D compression specimens. This 
analysis showed that crushed sand that was originally packed in a loose state had smaller 
particle diameters than sand originally packed in a dense state. Additionally, round sand 
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after crushing became more angular whereas angular sand became more round after 
crushing. 
Chapter II discusses non-uniform distribution of strain along the length of a triaxial 
specimen. Standard triaxial tests assume constant strain throughout the specimen. This is 
an inaccurate assumption because strain localization occurs very early on in the 
compression process. To measure the difference of strain along the surface of the specimen, 
a membrane was painted white with a random, black speckle pattern and analyzed using 
digital image correlation to track the change along the surface of the specimen during 
compression. These tests found that at 1% global strain there was no noticeable difference 
along the length of the specimen; however, at 5% global strain there was a definitive 
increase in major principle strain near the center of all of the specimens. The dense 
specimens experienced almost double the amount of principle strain as the loose specimens 
regardless of sand type and effective stress. Furthermore, these results provided 
quantitative strain results at the surface of the specimen along the whole length as well as 
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Abstract  
 
The effect of particle morphology on the deformation behavior of sands is evaluated 
considering two types of materials having distinctly different particle shape and texture but 
similar size based on sieve analysis. A detailed characterization of two sands was 
conducted using optical microscopy, laser light scattering, and standard geotechnical 
laboratory testing involving sieve analysis and void ratio information. As a function of 
initial relative density, detailed investigation of the stress-strain and volume change 
behavior is evaluated using isotropically consolidated drained compression tests. 1D 
compression testing is also conducted on these two materials to evaluate the behavior 
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associated with particle reorientation and crushing as a function of applied stress and initial 
assembly state. The objective of the thesis is to evaluate the effect of varying particle shape 
and texture on the confined compression and triaxial shear response of two sands with 
similar grain size. 
Literature Review 
 
The angle of shearing resistance or friction angle is an important measure of the shear 
strength of granular materials. The friction angle of coarse grained soils depends on a 
number of factors. Chief among them are as follows: the particle size distribution (Koerner, 
1970), the texture or surface roughness of the grains (Morris, 1960; Morris, 1960; 
Cavarretta et al., 2010), mineralogy of the grains (Koerner, 1970) and shape of the particles 
(Chen, 1948; Taylor, 1948; Peck and Terzaghi, 1948; Morris, 1960; Kolbuszewski and 
Frederick, 1963; Koerner, 1970; Holubec and D’Appolonia, 1973; Santamarina and Cho, 
2004; Cho et al., 2006; Shin and Santamarina, 2013). Studies have also shown the influence 
of particle angularity on the steady state friction angle at large strain (Chan and Page, 1997; 
Santamarina and Cho, 2004). 
Due to the nature of force transfer between particles in coarse grain materials, the shear 
strength increases with increasing angularity (Chen, 1948; Koerner, 1970; Cho et al., 
2006). There are two major components to shear strength: the frictional resistance 
consisting of sliding and rolling of the grains over one another and interlocking (Taylor, 
1948) or dilation (Rowe, 1962; Bolton, 1986). The frictional resistance of granular 
materials shearing in steady state condition at very large strains is the same irrespective of 
the initial state. Dilation or positive interlocking is responsible for the component of the 
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strength that is in excess of the steady state frictional resistance and is recorded as the peak 
friction angle (Cho et al., 2006). The peak friction angle is therefore the location of the 
maximum rate of dilation. During shearing, particle rotation is the dominant mechanism 
for deformation (Oda et al., 1982), and where rotation is uninhibited, it will lead to smaller 
friction angles (Bardet, 1994). Angularity inhibits rotation of the particles, thus increasing 
the rate of dilation and in effect increasing the peak friction angle (Iwashita and Oda, 1998; 
Zhang et al. 2013). The steady state friction angle also increases with increasing angularity 
(Chan and Page, 1997; Santamarina and Cho, 2004). 
Relative density is the comparison of the current void ratio to the possible extreme 
minimum and maximum void ratios and is an indication of the initial state of the cohesion-
less soil. In coarse-grained soils, the volume of voids in an assemblage of particulate mass 
and the possible extreme void ratios are influenced by the packing of the grains, grain size, 
size distribution of the grains and particle shape (White and Walton, 1937; Koerner, 1970; 
Youd, 1973). Relative density rather than void ratio is therefore a more appropriate quantity 
to describe the initial state of coarse grained soils. Since equilibrium in granular mass is 
achieved through resistance at grain contacts, the shape and texture of the particles 
determine the maximum and the minimum void ratios that can be achieved and hence the 
initial state. The initial state and particle shape have a major influence on the shearing 
behavior and volumetric response during isotropic compression (Kolbuszewski and 
Frederick, 1963; Miura et al., 1998), 1-D compression (Cho et al., 2006) and shear loading. 
The effect of particle shape on the initial packing is reflected on the difference between the 
extreme possible minimum and maximum void ratios. These limiting void ratios increase 
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with increasing angularity. Furthermore, the maximum void ratio increases at a higher rate 
than the minimum void ratio (Koerner, 1970; Holubec and D’Appolonia, 1973; Miura et 
al., 1997, Cho et al. 2006). Subsequently, angular aggregates experience larger volumetric 
strains during isotropic and 1-D compression loading (Kolbuszewski and Frederick, 1963; 
Miura et al., 1998; Cho et al., 2006). As for the volumetric response during shear loading, 
the strain to peak strength is higher for angular particles (Mirghasemi et al., 2002). 
The contact normal and tangential forces experienced by the individual grains in granular 
mass depend on the shape and packing of the grains. These two factors determine the 
number of contacts of an individual grain with the surrounding particles, also known as the 
coordination number and influence the stresses experienced by the collection of discrete 
particles. Hence, loose and angular sands with lower coordination number tend to start 
crushing at lower axial loads than dense and rounded sands with higher average number of 
contacts. Particle crushing is an important phenomenon as it influences the plastic behavior 
of granular mass subjected to high compressive stresses such as those present at the tip of 
piles in pile driving, underneath a high dam and at the tips of penetrating projectiles. At 
locations of such high stresses, grain fracture and fragmentation will change the gradation 
and shape of the particles, which in turn will influence the strength and volumetric response 
of the crushed mass. It is therefore important to determine the evolution of particle shape 
and size during particle crushing and subsequently the influence of the evolved particle 
shape and gradation on the evolution of strength parameters in order to determine the 
response of granular materials subjected to high stresses.   
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Past studies on the effect of particle morphology on the response of granular materials has 
addressed specific issues: (a) effect of particle shape on the peak friction angle (Koerner, 
1970; Miura et al., 1998), (b) effect of particle shape on packing and initial state (White 
and Walton, 1937; Koerner, 1970), (c) effect of particle shape on the dilatancy (Guo and 
Su, 2007), (d) the effect of angularity on the steady state friction angle (Chan and Page, 
1997; Santamarina and Cho, 2004). This paper presents a detailed study on the effect of 
particle shape on the behavior of granular materials via results of experiments performed 
on two sands with the same mineralogy and similar particle size, however, with different 
particle morphology (shape and surface texture). The effect of particle morphology on the 
initial state of granular materials is discussed via grain size distribution curves and index 
properties. Results of particle number based size distribution using image analysis and laser 
light scattering are presented in discussion on the effect of angularity on initial state. One-
dimensional (1D) compression tests, isotropic compression tests, and triaxial test results 
are presented to discuss the effect of angularity on stress-strain and volumetric response of 
particulate materials with different grain shape.  Also, insights into the effect of particle 
morphology on grain crushing in granular material subjected to high compressive stresses 
are provided by analyzing the 1D compression test specimens at the end of loading with 
laser light scattering technique and image analysis method. Particle crushing of granular 
materials has generally been analyzed using sieve analysis (Hagerty, 1993). However, the 
sieve analysis only provides mass distribution of the particles in which few massive 
particles can bias the results and it is unable to provide any information on shape evolution 
of the crushed particles. The laser light scattering technique provides information on 
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particle size distribution based on number and volume allowing a greater understanding of 
the change in gradation due to particle fracture. The evolution of particle shape due to 
crushing is studied using some simple shape parameters derived from 2-D images of 
particles after 1-D compression. 
Materials 
 
Two commercially available sands, Ottawa sand and Q-rok, with very similar grain 
mineralogy and different grain shape characteristics were chosen to study the effect of grain 
morphology on the behavior of granular mass. The Ottawa sand is a 20/40 oil frac unground 
silica with a rounded grain shape and the Q-rok sand is an unground silica with a 
subanglular grain shape. The specific gravity (sp gr) of both the sands is 2.65. The sands 
have similar with silicon dioxide constituting more than 99.5% of both the Ottawa sand, 
and Q-rok. The results of x-ray powder diffraction performed on as received samples of 
Ottawa sand, and Q-rok along with peaks for α-quartz (Wright and Lehmann, 1981) are 
shown in Figure 1. All tables and figures are located in the appendix. The diffraction peaks 
for Ottawa sand and Q-rok is similar to the peaks of the α-quartz. In order to obtain a 
complete diffraction pattern as seen for the α-quartz, the particles in the diffraction volume 
must be randomly oriented with no preferential diffraction from any of the crystallographic 
planes. Since Ottawa sand and Q-rok have appreciable diameter and aspect ratio for 
preferential orientation during sample preparation which involved air pluviation, and 
pressing and smoothing the top surface for a flat diffraction surface, only the peaks for 
those planes that are suitably oriented is seen in the diffraction pattern of the two sands. 
The results indicate that both the sands have similar mineralogy albeit with small 
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differences in orientation of the crystallographic planes when deposited in air during 
preparation of triaxial and 1-D compression samples.  
The Scanning Electron Microscope (SEM) images for both the sands showing the rounded 
shape of Ottawa sand and angular grains of Q-rok are presented in Figure 2 (a) and Figure 2 
(b), respectively.  Figure 3 shows in greater detail the surface of Ottawa sand (a) and Q-
rok (b). The surface of the Ottawa sand is smoother than the Q-rok. While there are few 
surface asperities in the Ottawa sand, the Q-rok sand is more rugged.  
The behavior of a coarse-grained granular material is mostly related to the relative density. 
To determine the relative density, the minimum void ratio (emin) and the maximum void 
ratio (emax) are generally determined using procedures specified in Standard Test Methods 
for Maximum Index Density and Unit Weight of Soils Using a Vibratory Table (D 4253) 
(ASTM 2014a) and Standard Test Methods for Minimum Index Density and Unit Weight 
of Soils and Calculation of Relative Density (D 4254) (ASTM 2014b). In addition to the 
ASTM methods, a slight modification of Lade et al. (1998) method was also used to 
determine the emin and emax. To determine the minimum void ratio, 900 gm of sand was 
poured in a 1000 mL graduated cylinder at 50 gm increments. After each addition of 50 
gm of sand, the cylinder was lightly tapped with a soft raw-hide mallet six times each on 
opposite sides, a total of twenty-four times. This process was continued until all the sand 
was poured in the cylinder. The volume of the sand was read from the graduated cylinder 
to the nearest 5 mL. Three tests were performed to determine the average minimum void 
ratio. After the determination of the minimum void ratio, the top of the cylinder was 
covered with a stopper and the cylinder tipped upside down and then slowly placed upright 
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again to measure the maximum void ratio. This method was completed ten times to find 
the average maximum void ratio. 
The measured values of maximum and minimum void ratios from the cylinder method for 
Ottawa sand and Q-rok are presented in Table 1. The cylinder method emin and emax for 
Ottawa sand was 0.51 and 0.75 respectively and those for Q-rok were 0.60 and 1.01 
respectively. The influence of particle shape on the initial state of granular materials is 
seen; for the same deposition energy the rounded Ottawa sand packs more densely than the 
angular Q-rok. Also, the difference between the loose and dense state of packing is larger 
for the angular sand than the rounded sand. The emin and emax using the ASTM method for 
Ottawa sand was 0.51 and 0.69 respectively and 0.63 and 0.91 respectively for Q-rok. 
Three tests were completed for each limiting density for both sands and the values 
presented in Table 1 are the average for the three tests. 
The modified Lade et al. (1998) method generally produced extreme limiting void ratios.  
For the minimum void ratio, the ASTM and cylinder methods produced similar results for 
the rounded Ottawa sand and the cylinder method gave slightly denser packing than the 
ASTM method for the angular Q-rok; however, the cylinder method produced more precise 
results as well as a lower range for both sands where the range is the difference in the 
minimum and maximum values in a trial. For the loose procedure, the cylinder method 
once again produced more extreme results, but unlike the dense specimens, the results were 
not as precise. All the results presented in Table 1 are within the acceptable limits for 
standard deviation and range as dictated in the respective ASTMs. The values of limiting 
void ratios from the cylinder method were used when determining relative density (Dr) 
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because of the more extreme values for both loose and dense states as well as being within 
the allowable standard deviation and range. The ASTM method will not always produce 
the densest packing; an air pluviation method with drop height of 40 to 50 cm was reported 
to produce a denser state than ASTM D 4253 (Presti 1992). 
Procedure 
 
Particle Size Distribution   
The mechanical and hydraulic properties of an unconsolidated granular mass is 
significantly influenced by the range and distribution of the different particle sizes that 
constitute the medium. The particle size distribution for the two test sands were determined 
using a stack of square meshes as per the procedures specified in the Standard Test Methods 
for Particle-Size Distribution (Gradation) of Soils Using Sieve Analysis (D 6913) (ASTM 
2014c).  
In addition to the sieve analysis, the laser light scattering technique using Malvern 
Mastersizer S was also used to compute the particle size distribution curve. The setup 
consists of a laser source, an array of light sensors at a distance, and the dispersed specimen 
in a specimen cell in between the source and the sensors. The beam passing through the 
specimen is scattered at various angles, larger particles scattering light at smaller angles 
and smaller particles scattering light at larger angles. This distribution of scattered 
intensities is then analyzed using Mie (1908) scattering theory to compute volume 
equivalent sphere diameter.  
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Sieve analysis and laser light scattering method does not permit the analysis of particle 
shape. Both particle size and shape analysis can however be performed using 2D images 
of the grains captured at suitable magnification.  Images of a representative sample of the 
particles placed on a slide were captured using an optical microscope. These images were 
analyzed in ImageJ (Abramoff et al. 2004), an image processing software. The images were 
first segmented, converted to binary images, and the contacting grains were separated using 
the watershed algorithm. The particle size is reported as the projected surface area 
equivalent diameter. 
Triaxial Tests 
The triaxial tests were performed on cylindrical sand specimens of 71 mm diameter and 
178 mm height. Tests were performed on two relative densities (loose and dense) and for 
three effective confining stresses of 69 kPa, 103 kPa, and 138 kPa. The loose specimens 
were prepared using the air pluviation method, in which sand was poured from a slowly 
rising funnel in a circular pattern maintaining a zero height of drop. The dense specimens 
were prepared by adding 50 grams of sand to the mold and then lightly tapping the opposite 
sides six times with a raw-hide mallet, twenty-four taps in total for each layer. Carbon 
dioxide was used to flush the air out of the specimens and the specimens were saturated 
with deaired water. The B values of all the specimens were greater than 0.97 at the time of 
testing.  
After saturation, the specimens were consolidated at the desired effective stress for one 
hour. The volume change during consolidation was calculated by measuring the volume of 
pore water flowing out the specimen. After consolidation, the specimens were sheared at a 
14 
 
rate of 12%/hour to a maximum strain of 25 percent. The sand was oven dried and used 
again. The data reduction, calculations (including area correction), and membrane 
correction were performed as stated in ASTM D7181. 
Isotropic Consolidation 
The isotropic consolidation test specimens were prepared in the same manner as the triaxial 
tests specimens. The isotropic consolidation stress was increased in small increments and 
three cycles of loading and unloading were performed with the maximum effective 
confining stress of 483 kPa. Each confining stress was held for five minutes before 
increasing the stress.  
1-D Compression 
All of the 1-D compression specimens were prepared and tested in a steel tube. The internal 
diameter of the steel tube was 19 mm and the sample height was 20 mm. The loose 
specimens were prepared by placing sand in the piston from a zero drop height. The dense 
specimens were made in three layers. After placing a layer, the tube was tapped on the side 
five times from four directions. After tapping, a tamping rod was dropped 25 times onto 
the layer. A maximum load of 22 kN or 77 MPa was applied to the specimens at the rate 
of 0.1 mm/min in a displacement controlled testing system. 
Results and Analysis 
 
Particle Size Distribution 
The grain size distribution curves for the two sand samples are shown in Figure 4. The 
maximum particles size for Ottawa and Q-rok is around 850 μm for both sands and the 
minimum particle sizes are around 300 μm and 150 μm, respectively. The mean particle 
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size (D50) and coefficient of uniformity (Cu) as determined from the sieve analysis are 595 
μm and 1.37 respectively for Ottawa sand and 475 μm and 1.67 respectively for Q-rok. The 
classification for both sands is poorly graded (SP). Both the sands are of similar gradation, 
however, the Q-rok has greater distribution of particles size and smaller mean and effective 
size (D10) particle size. All values can be found in Table 1. The gradation curves for both 
the sands generated from the laser light scattering technique is also shown in the same 
figure. The gradation curves from these two different methods with different definitions of 
particle size are very similar. 
The number based distribution of particle sizes from the laser light scattering technique 
and image analysis are shown in Figure 5. The D50 for the Ottawa and Q-rok sand from the 
laser scattering analysis are 600 μm and 300 μm, respectively. Additionally the D50 for the 
Ottawa and Q-rok sand from the image analysis are 640 μm and 285 μm, respectively. The 
mean particle size for these two tests are similar for both sands. Furthermore, the mean 
particle size for the sieve analysis is close to the D50 values for two equivalency tests, 
especially the laser analysis. The sieve analysis for the Q-rok on the other hand, is much 
larger than the two equivalency tests.  
From Figure 4, it is evident that the sieve and light scattering analysis methods produced 
similar results. While the overall graphs are the same, the Mastersizer technique resulted 
in a more detailed analysis of the particle size distribution. The sieve analysis is determined 
by the specimen weight retained in each sieve. Within any given sieve, there is a varying 
amount of particle sizes. The light scattering technique is able to produce a more detailed 
analysis by capturing a more complete analysis of the particle distribution.  
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In Figure 5, the image analysis for both materials yielded more closely spaced results 
because ImageJ was able to provide accurate size measurements on each particle and 
include the individual data in the analysis. The laser analysis, on the other hand, lumped 
data into varying micrometer ranges depending on the diameter (larger diameter means a 
larger range of diameters included in each set) which is why the laser data is more spaced 
out and has higher percentages. Overall, the laser and image analysis produced fairly 
similar mean values.  
Despite the variation from these plots all being fairly consistent, there are limitations that 
must be addressed. First, the sieve analysis is mass based and does not convey any 
information regarding the size distribution by the number of grains. Therefore, in cases 
where there are one or two comparatively large particles, the gradation curve will 
disproportionately imply larger particle sizes than those present in the aggregate. Because 
these larger particles have more mass, a percent finer graph can appear to contain more 
large particles than are actually there. This phenomenon is evident by the Q-rok particle 
size analysis. The laser and image analysis both have very similar mean particle sizes, but 
the sieve analysis has a much larger mean particle size. This shows that the few larger 
particles in the Q-rok specimen have much greater influence on the mean particle size in 
the sieve analysis, enough to raise the mean particle size by almost 200 μm. Even with this 
limitation, sieve analysis still remains the most popular method because of its efficiency 
and low cost.   
Second, the light scattering analysis evaluates the particles using an equivalent volumetric 
sphere method to calculate the diameter. Because this method groups particle diameters by 
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number and not volume, larger particles are weighted the same as smaller particles. 
However due to the larger particles getting lumped together in larger ranges, the laser 
analysis does not accurately portray the particles that fall within the different ranges. 
Furthermore, particles of any size that are naturally round can be more accurately 
represented by an equivalent sphere. On the other hand, the approximation for more angular 
particles will not be as close to the true diameter which can influence results.  
Third, the image analysis evaluates the particles using an equivalent circular area to 
calculate the diameter because the microscope can only view the two dimensional rendition 
of the particles.  Like the laser scattering analysis, this method analysis is arranged by 
number and not volume again removing the bias of larger particles. Unlike the light 
scattering analysis, the image analysis does not lump the diameters together into ranges, so 
every particle is counted towards the analysis individually resulting in more detailed 
analysis of the range of particles. 
Last, another limitation that can prejudice the results of all of the methods is sample size. 
For the sieve analysis, about 500 gm of sand is required, for the laser light scattering 
analysis about 2.3 gm is required, and for the ImageJ analysis about 0.5 mg are required. 
It is unclear if the sample size has any influence on the results other than perhaps 
inadequately capturing the true distribution of particle sizes. Despite the analytical and 
sample size differences, there is an overall trend of the Ottawa sand having larger particles 




The results of the consolidated drained triaxial tests performed on the loose and dense 
specimens of Ottawa sand and Q-rok are presented in Figure 6 (a) and Figure 7 (a) as a 
comparison of deviatoric stress and axial strain. The shearing resistance for all specimens 
increases with increasing effective confining stress. The dense specimens were initially 
stiffer than the loose specimens and soften considerably after the peak stress. The loose 
specimens also softened after peak stress, however the softening is not as significant as the 
dense specimens. 
Unlike the dense specimens, the loose specimens do not have a peak; rather, the stress 
increases slowly to peak which is the same as the stress in the critical condition. For the 
Ottawa sand, the loose specimen reached the maximum stress at around 9.3% axial strain 
while the Q-rok peaked at around 12.6% axial strain. All values for maximum principal 
stresses as well as the effective stress ratio can be found in Table 2 and Table 3 for Ottawa 
and Q-rok, respectively. 
The triaxial results indicated that angular specimens are able to withstand greater load 
mostly due to a particle interlocking mechanism (Guo and Su 2007). The Q-rok particles 
were able to interlock because of angularity with each other to greater resist shearing than 
the Ottawa sand. This was true for both the dense and loose sands as indicated by the higher 
deviatoric stress achieved by the Q-rok in Figure 7 (a) than the Ottawa in Figure 6 (a). 
Additional strength can come from rotational resistance. Koerner (1970) found that in 
addition to increased interlocking due to high angularity, angular sand particles resist more 
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rotational motion than spherical sands. This also assisted the Q-rok specimens in resisting 
more shear than the Ottawa specimens.  
Finally, particle strength is influenced by the surface roughness of the individual particles. 
Holubec and D’Appolonia (1973) found that when comparing glass beads and Ottawa sand, 
both particles had similar roundness, but the Ottawa sand was able to better resist shearing. 
However, Guo and Su (2007) state that interparticle friction has a limited effect on soil 
strength. While surface roughness was not directly measured in this project, Figure 2 shows 
that in addition to Ottawa being a rounder particle, the surface appears to be much smoother 
than the Q-rok specimen. 
The results of the volumetric response on both sands are presented in Figure 6 (b) and 
Figure 7 (b) as a comparison of volumetric strain and axial strain. The volumetric responses 
of the dense specimens greatly differ from those of the loose specimens. The dense 
specimens undergo very small volume contraction at the start of shearing before exhibiting 
large dilation. On the other hand, the initial contraction in loose specimens were greater 
and occurred over a longer duration. The total volume expansion in loose specimens is 
significantly smaller than those for the dense specimens. 
The dense specimens for both Ottawa and Q-rok specimens experienced similar amounts 
of dilation. Both specimens finished at similar volumetric strain values, about -7.4% for 
Ottawa and -6.8% for Q-rok. Because of the similar ending values, both sands had similar 
slopes (dεv/dεa). While the loose specimens both started with contraction, they began 
dilating at different points during testing as well as having different volumetric strains at 
the end of the test. The Ottawa loose specimens began dilating at around 2.2% axial strain 
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while the Q-rok dilated at around 5.3% axial strain. At the end of the testing cycle, the 
Ottawa reached a volumetric strain of -1.1%; however, the Q-rok sand barely returned to 
its original volume. Data concerning compression and dilation can be found in Table 4 and 
Table 5 for Ottawa and Q-rok sand, respectively.  
Friction and Dilation Angle 
The comparison of peak and critical friction angle for both sands is presented in Figure 7 
while the comparison of dilation angle is presented in Figure 8. In general, there are some 
significant differences in the responses of Ottawa sand and Q-rok at similar relative 
densities to shearing. The peak (Φp) and critical (Φcrit) friction angle for angular Q-rok is 
larger for both the loose and the dense states than rounded Ottawa sand.  The dilation angle, 
which indicates the maximum rate of dilate close to the peak strength, is larger for the 
dense specimens than the loose specimens. Furthermore, Ottawa had higher dilation angles 
than the Q-rok counterparts.  
Relative density and initial void ratio (e0) were calculated before saturation and ePC is the 
void ratio after consolidation. The peak friction angles for the dense specimens are around 
7o greater than the loose specimens for both sands. The critical state friction angle, 
calculated at 25 percent strain for the Ottawa dense specimens is close to 33º and that for 
loose specimens is around 32º. The dilation angle (ψ) for the loose state was around 3º 
whereas that for the dense state was around 22º. The strength parameters such as the friction 
angle and dilation angle for Ottawa sand and Q-rok are presented in Table 2 and Table 3 




The dilation angle was calculated using Equation 1, 






)     (1) 
where dεV dεa⁄  is the slope of the steepest section of the volumetric strain – axial strain 
graph. Figure 8 compares the peak and critical friction angles to confining pressure and 
Figure 9 compares dilation angle to confining pressure of all of the specimens. Despite 
slight differences in post consolidation void ratio, the friction and dilation angles were 
consistent within the sets of sand type and density.  
Figure 10, Figure 11, and Figure 12 compare peak friction angle, critical friction angle, and 
dilation angle respectively to relative density. Figure 10 reinforces that as density increases, 
so does the peak friction angle. Additionally, Q-rok has a higher friction angle than its 
Ottawa counterparts. Figure 11 also shows that the critical friction angle slightly increases 
with density and that Q-rok sand still has a higher friction angle than Ottawa sand. Finally, 
Figure 12 illustrates that maximum dilation angles are similar for both types of sand at low 
relative densities. As density increases, so does the dilation angle; however, the Q-rok 
dense specimens increase more dramatically than the Ottawa dense specimens. Overall, Q-
rok had higher peak friction angles than the corresponding Ottawa sets. Furthermore, the 
critical friction angle for both Q-rok sets were greater than the angles for the Ottawa sets. 
Dilation angle was the opposite of the peak friction angle trend where the Ottawa sets were 
greater than their respective Q-rok sets.  
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The dense materials of Figure 6 (b) and Figure 7 (b) show similar amounts of dilation. This 
indicates that there is little influence of angularity on dilation at high relative densities. The 
loose specimens for these same figures both experienced initial contraction but began to 
dilate at different axial strains. This difference in the loose specimens indicates that there 
is a greater influence of particle shape at low relative densities, most likely due to rolling. 
Spherical particles have a greater tendency to slip and roll over each other (Mair et al. 
2002) because the particles do not have the ability to interlock like angular materials. Using 
biaxial compression tests, Iwashita and Oda (1998) measured the volumetric response of 
particles allowed to roll, allowed some rolling resistance, and not allowed to roll at all. 
Their results showed that particles that were allowed to roll began to dilate sooner after 
initial contraction than the particle counterparts that were not allowed to roll.  
As discussed previously, a particle’s affinity for interlocking or rolling has a considerable 
influence on behavior and friction and dilation angles are no exception. Q-rok sand had 
higher peak friction angles than Ottawa sand for each confining pressure and packing 
condition. This was due to the angularity of the particles and the ability for angular sand to 
interlock. The interlocking mechanism makes it much more difficult to shear and thus more 
energy is required to shear the specimen. On the other hand, Ottawa sand had higher 
dilatancy angles. Ottawa sand is round which allows the particles to more easily roll over 
one another. Not only did this play into having a lower friction angle, but also it influenced 
how much expansion occurred during the test.  
It is hard to tell if these tests followed trends that have already been established in previous 
research. Figure 10 demonstrates the influence of relative density and angularity on friction 
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angle. Because there are only two sets of data for each sand type, it is hard to distinguish 
the shape of the trend line. Koerner (1970) results show that there is a linear trend when 
comparing density and friction angle and that the slope of the trend line is the same for all 
particle shapes. Guo and Su (2007) on the other hand, found there is an increasing influence 
of density on friction angle having a more polynomial trend line. Additionally, at high 
angularity, there is a greater effect of interlocking at high densities. Because of the lack of 
data presented here however, it is impossible to tell which trend this data follows. 
Guo and Su (2007) also analyzed critical friction angle. Their data shows that there should 
be no influence of density on the critical friction angle regardless of angularity. Figure 11 
on the other hand shows a slight increase in both sands at higher densities. This discrepancy 
may be because Guo and Su (2007) did not measure the critical friction angle for any 
specimens denser than 46% for round and 77% for angular. The dense specimens in this 
study were all above 85% relative density. Because of the gap in the comparable data, it is 
difficult to say if these results are comparable. The increase in the critical friction angle is 
not significant (only about 2º) and the gap between the Ottawa and Q-rok specimens at 
each packing state are similar. 
Finally, Figure 12 is consistent with Koerner (1970) findings in that at low relative 
densities, there is little influence of angularity on maximum dilation angle; however, as 
density increases, the rounder sand specimens increase much more than the angular 
specimens. Koerner also found that the trend line for both particle shapes increase in a 
polynomial fashion. Again because of the lack of data here, it is difficult to determine the 




Figure 13 and Figure 14 show the results of the four isotropic consolidation tests. The test 
that stands out the most is Q-rok loose as it had the largest volumetric contraction at the 
highest loading phase. The next specimens with the greatest volumetric change were 
Ottawa loose, Q-rok dense, and Ottawa dense. Both loose specimens experienced more 
volumetric strain than their dense counter parts. Additionally, the Q-rok specimens 
experienced more volume change for both densities than the Ottawa sand. Not only did the 
Q-rok loose specimen experience the largest volumetric contraction, it also experienced 
the greatest volumetric changes between each loading and unloading phases. This is 
evident from the way the Q-rok loose graph is more spaced out and has a greater slope than 
all other tests. The Q-rok specimens also experienced more permanent deformation than 
the Ottawa specimens as indicated by the volumetric strain when the tests returned to 17 
kPa after the last unloading cycle. The remaining strain was greater for both Q-rok 
specimens, especially for the loose state. 
The amount of volumetric change during the isotropic consolidation was greatly influenced 
by density and particle shape. Q-rok loose had the greatest volumetric change for each 
loading and unloading point because of the large number of voids. The larger voids allow 
for water to flow more easily in and out of the specimen aiding in the larger volumetric 
change. Similarly, the Q-rok dense specimen experienced more volumetric strain than the 
Ottawa Dense specimen. The volumetric strain for the Ottawa and Q-rok dense specimens 
did not expand as much as the loose specimens because a higher effective stress is required 
to contract a dense specimen; furthermore, the dense specimens did not recover during an 




Figure 15 shows the comparison of the four 1-D compression tests. The specimen that 
experienced the greatest compression under the highest load was the Q-rok loose specimen; 
however, the behavior of this specimen did not follow the pattern of the other three 
specimens as indicated by the shape of the graph. The Ottawa loose and Q-rok dense 
specimens started with similar strains until around 35 MPa compressive stress. After that, 
the Ottawa loose compressed further. The Ottawa dense specimen experienced the least 
amount of compression but withstood the almost 60 MPa of stress before the curve dipped. 
The elastic strain recovery was similar for all four specimens.  
The 1-D compression graphs have a very unique shape because of the way the test is run. 
While the test consists of a simple loading and unloading, there are three distinct sections 
for the graphs of the specimens. The initial slope is caused by the primary compression and 
rearrangement of the particles pushing closer together. Angular particles are more likely to 
be deposited in a looser state than round particles. The larger void spaces caused the initial 
slope of the Q-rok loose specimen to be much steeper than the other specimens.  
The first yield point, the point where there is noticeable change in the slope of the stress 
strain curve, is where the particles begin to break from the induced stresses. This breakage 
is influenced by the inherent material strength, the number of contact points, and initial 
density. The sands have the same mineralogy which eliminates the influence of inherent 
material strength. The number of contact points as well as initial density are greatly 
influenced by particle shape. The first specimens to reach the breaking point of the grains 
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was Q-rok dense and Ottawa loose. This shows that an angular sand at a high density 
initially behaves like a round sand in a loose state. 
The Ottawa dense specimen is able to withstand the highest amount of stress before 
breaking. This is influenced by the number of contacts experienced by a single particle. If 
specimens are densely packed, there is an increased coordination number. High 
coordination numbers require larger stresses to initiate particle breakage. After the Ottawa 
dense specimen began to break, the compressive strain was limited by the close proximity 
of the particles.  
There is a change in the slope of the Q-rok loose specimen at 42 MPa where the particles 
can no longer rearrange under the load and begin to break. The initial large compressive 
strain up until particle breakage can be attributed to particle rearrangement and asperities 
breakage due to high contact stresses. The compressive behavior after particle breakage is 
similar in all specimens. All specimens were loaded to a maximum stress of 77 MPa. The 
elastic strain recovery for all specimens was around 3 percent. 
The 1-D compression specimens were analyzed using laser light scattering technique for 
gradation change and are shown in Figs 14 (a) and (b). There is complete particle crushing 
in both the sand specimens as evidenced by the shift of the distribution curve to the left. 
There are larger particle fractions for the dense specimen than the loose specimens after 
crushing, especially for the rounded Ottawa sand which clearly demonstrate the influence 
of initial state on particle crushing.  The evolution of particle shape during particle crushing 
using 2D image analysis is shown in Figure 16. The uncrushed Q-rok has larger aspect 
ratio than the Ottawa sand as shown in Figure 16 (a). The change in aspect ratio of the 
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crushed particles is shown in Figure 16 (b). The aspect ratio of the rounded Ottawa sand 
increases while that for the angular Q-rok tends to decrease. One can infer from Figure 17 
that rounded particles tend to fracture through the diameter thus increasing the aspect ratio 
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emin 0.512 0.507 0.604 0.630 
Standard Deviation 0.07 0.17 0.06 0.57 
Range 0.13 0.35 0.12 1.1 
emax 0.746 0.689 1.013 0.910 
Standard Deviation 0.4 0.4 0.5 0.09 
Range 0.78 0.68 1.34 0.15 
Difference: emax-emin 0.234 0.182 0.409 0.280 
  Sieve Analysis 
D50, μm 595 475 
D10, μm 465 300 
Cu 1.37 1.67 























Table 2: Ottawa sand results from triaxial testing. 
 





Strain to Peak 
Friction Angle 
Specimen (%)   Φcrit Φp (%) 
OL 69 kPa 32.9 0.669 0.664 30.7° 32.8° 12.5 
OL 103 kPa 26.7 0.683 0.676 30.3° 32.0° 8.6 
OL 138 kPa 29.1 0.678 0.669 30.5° 32.2° 10.1 
OD 69 kPa 96.5 0.518 0.515 34.0° 41.7° 2.2 
OD 103 kPa 90.8 0.532 0.527 32.9° 40.7° 4.0 






























Table 3: Q-rok sand results from triaxial testing. 
 





Strain to Peak 
Friction Angle 
Specimen (%)   Φcrit Φp (%) 
QL 69 kPa 22.8 0.917 0.907 34.1° 35.2° 13.8 
QL 103 kPa 27.5 0.897 0.885 34.2° 35.1° 12.8 
QL 138 kPa 24.3 0.910 0.898 34.2° 35.2° 13.4 
QD 69 kPa 71.6 0.716 0.711 36.7° 42.1° 2.6 
QD 103 kPa 74.1 0.706 0.700 35.3° 42.7° 3.1 
















Specimen Ψ (%) (%) (%) 
OL 69 kPa 3.4° 0.32 1.55 -1.33 
OL 103 kPa 2.2° 0.36 2.67 -0.74 
OL 138 kPa 2.9° 0.33 2.44 -1.15 
OD 69 kPa 22.2° 0.08 0.12 -7.51 
OD 103 kPa 21.1° 0.10 0.20 -7.14 
















Specimen Ψ (%) (%) (%) 
QL 69 kPa 1.5° 0.64 4.95 -0.09 
QL 103 kPa 1.7° 0.92 5.80 0.23 
QL 138 kPa 1.6° 0.77 5.09 0.01 
QD 69 kPa 14.8° 0.13 0.28 -6.67 
QD 103 kPa 15.6° 0.15 0.26 -6.68 








Figure 1: X-ray diffraction powder diffraction of as received (a) Ottawa sand and (b) Q-rok 















Figure 4: Particle size distribution graph determined by sieve and laser scattering analysis on 



























Ottawa Sieve Analysis 
Ottawa Laser Scattering 
Q-rok Laser Scattering 




Figure 5: A histogram comparison of the Mastersizer S laser light scattering and the ImageJ 


























Q-rok Image Analysis 

















Figure 6: Stress-Strain curve (a) and Volumetric Strain-Axial Strain curve (b) for loose and dense 
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Figure 7: Stress-Strain curve (a) and Volumetric Strain-Axial Strain curve (b) for loose and dense 





















D 138 kPa; epc=0.70 
D 103 kPa; epc=0.70 L 138 kPa; epc=0.90 
D 69 kPa; epc=0.71 
L 103 kPa; epc=0.89 



















D 138 kPa; epc=0.70 
D 103 kPa; epc=0.70 
L 138 kPa; epc=0.90 
D 69 kPa; epc=0.71 
L 103 kPa; epc=0.89 




Figure 8: Comparison of critical and peak friction angles between Ottawa Loose (QL), Ottawa 
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Figure 9: Comparison of dilation angle between Ottawa Loose (QL), Ottawa Dense (OD), Q-rok 
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Figure 16: Particle size evolution in dense and loose specimens of (a) Ottawa sand and (b) Q-rok 







Figure 17: Particle shape evolution from image analysis of Ottawa sand and Q-rok subject to 1-D 








EFFECT OF PARTICLE MORPHOLOGY ON THE STRAIN 
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throughout this work related to establishing suitable testing protocols, training Ali with the 
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Abstract 
 
The influence of particle morphology has been investigated using triaxial tests to analyze 
the deformation behavior of sand using three-dimensional digital imaging correlation (3D 
DIC) based on surface deformation data for a deforming cylindrical specimen of sand. The 
objective of this part of the research is to investigate how particle morphology, effective 
stress, and relative density influence deformation during triaxial compression testing under 
drained conditions. 3D DIC was utilized to obtain very detailed quantitative surface 
deformations and strains were interpreted using large strain formulation. The time at which 
localization occurs as well as the characteristics of localization, whether it be bulging or 
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strain localization into shear bands, is greatly influenced by the initial relative density and 
particle morphology for a given effective confining stress. This thesis summarizes 
important experimental observations related to strain localizations which were observed 
consistently for both sand specimens for varying initial void ratio as a function of particle 
morphology. Data suggests that angular shape particles with rough texture exhibit 
significant localizations of deformation under drained shear loading conditions. The theory 
of strain localization can be evaluated against the experimental data using an advanced 
constitutive model found to be suitable for two types of sand specimen used in this study. 
Literature Review 
 
In the recent past, researchers and engineers have realized the need to deal with more 
complex issues associated with strain localization and their relation to the constitutive 
behavior of soil to model realistic boundary value problems. This paper focuses on the 
localized deformations and shear band type formations within the soil element under 
triaxial loading/boundary conditions for cohesion-less sand and the role of particle shape 
and texture for tendency associated with bifurcation phenomenon in granular materials. In 
this study, the techniques are developed for detecting the onset of strain localization and 
evaluating the specimen non-uniformity by determining the local deformation profile using 
an advanced digital imaging technique using a two camera system and VIC3D© digital 
image correlation software. Direct measurement of local deformation profile on the 




A digital image analysis (DIA) technique has been developed, based on the work of Parker 
(1987), which can be used as an effective tool for observing overall specimen uniformity, 
potential initiation of localization, and measuring the specimen dimensions at all stages of 
testing. This technique uses a latex membrane with dots marked in a grid pattern at 10 mm 
spacing. The latex membrane was placed over the cylindrical specimen used for triaxial 
testing, which was confined in a cast-acrylic cylinder filled with water. The presence of 
confining cylinder and water around the specimen in a triaxial cell caused multiple 
refractions of light rays to occur; this phenomenon was considered in the analysis of digital 
images. In triaxial testing, the refraction of light will cause the specimen to appear enlarged. 
Therefore, corrections must be applied to the data obtained from digital images in order to 
determine true specimen dimensions and grid point positions. By incorporating Snell’s law 
of refraction, a 2-D correction model (Lin and Penumadu, 2005) was developed to describe 
the relationship between the observed and actual specimen measurements. Identifying the 
onset of strain localization is an important aspect in defining the failure point precisely 
because, beyond this point, the test data without exact information about specimen 
deformation are not reliable. 
The use of triaxial testing has been extensively researched and well documented; however, 
there are inherent flaws associated with basic assumptions used during testing. Triaxial 
testing relies on a load cell to record force and a vertical measurement device to report 
strain. Both of these results are considered engineering properties, where the values 
measured are assumed to be the same throughout the specimen. Unfortunately, even at 
relatively small strains, this assumption is invalid. Strain localization has fully developed 
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before peak stress (Oda and Iwashita, 2000; Finno and Rechenmacher, 2003; Hall et al., 
2010), and can occur as early as 3% global axial strain (Alshibli and Sture, 2000).  Once 
strain localization begins, it is mostly contained within that small section of the overall 
sample (Rechenmacher and Finno, 2003). Because strain localization begins so early in the 
compression process, global strain is almost immediately an inaccurate representation of 
what is occurring throughout the specimen.  
Another engineering property easily recorded during a drained triaxial test is the volumetric 
change of the specimen. A major limitation of measuring the flow of water in and/or out 
of the specimen with equipment such as a differential pressure transducer (DPT) is that the 
DPT can only measure the amount of water flow. Therefore, the change in water only 
exhibits the general change in the entire volume of the specimen due to applied external 
shear stress, but does not reveal precisely where in the specimen that the volume change 
occurs. 
Digital image correlation works by tracking the movement of every pixel in every frame 
and combining the frames to present the overall movement of that point. Mapping the 
movement of all points on the specimen and combining it with global stress and strain 
illustrates behavior of the specimen in compression. Basic triaxial equipment provides an 
accurate global strain but is ill-suited to provide information as to where strains occur 
within the sample. Combining a standard triaxial test with digital image correlation has 
allowed for true strain to be accurately measured throughout a specimen at specific global 
strains (Rechenmacher and Finno, 2003).  
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Mechanical Testing and Digital Image Correlation (DIC) 
 
The DIC system (commercially available, VIC-3D) uses dual-cameras to measure the 
shape of an object, surface displacements, and full-field surface strains in three dimensions. 
The basic method tracks the gray value pattern in small pixel neighborhoods, called 
subsets, during deformation. The Experimental set-up is shown in Figure 18 which includes 
a bi-axial mechanical testing system and 3D-DIC equipment. The VIC-3D test was 
performed on sand specimen prepared with a target initial void ration, confined under a 
vacuum, to reduce complications resulting from multiple refractions of light rays 
associated with optical images and also simply the data analysis required, by avoiding the 
use of water confinement in a polycarbonate cell. The latex membrane was painted white 
and then speckled with black paint. The cylinder was placed under two cameras in an MTS 
Testing Machine. Two cameras were used to create the three dimensional data. Each 
camera tracks the movement of the black specks individually and combines the information 
to compare against a standard calibration. The movement of the black spots in reference to 
this calibration allows for the overall sample movement to be recorded in all three principal 
directions. VIC-3D system tracks the movement of the speckles automatically with 
advanced image recognition algorithm to render localized strain during the shearing 
process. Results were verified when possible by evaluating end platen movement to ensure 
that the data analysis was working correctly. 
After testing, several analyses were completed. A stress strain curve was generated from 
the MTS LVDT data as well as VIC-3D data from a top, middle, and bottom section of the 
specimen and compared to results from a true triaxial test. A vertical line profile through 
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the middle of the sample was taken at 1, 5, 10, and 20% axial strain to show the evolution 
of strain in the principal directions as the sample compressed. Lastly, a volumetric strain 
graph was developed from the same top, middle, and bottom sections and compared to the 
triaxial data. 
Effect of Particle Morphology on Strain Localization  
 
Loose Specimens 
Figure 20 examines the overall global strain results of a triaxial test performed on Ottawa 
sand in a loose condition at 103 kPa effective stress. The global strain was measured from 
the LVDT in the MTS testing machine. At 1%, 5%, 10%, and 20% global strain, the major 
principal strain was graphed against a vertical line profile cutting through the middle of the 
sample. Figure 21 shows similar results for a loose Q-rok sample. The major principal 
strain for each global strain was similar for Q-rok than for Ottawa sand. Even at 1% axial 
strain, the major principal strain is developing a peak near the center of the sample that 
escalates as the global axial strain increases to 20 percent. 
Dense Specimens 
Figure 22 and Figure 23 show the global stress-strain curve as well as the change in major 
principal strain for dense specimens of Ottawa and Q-rok, respectively. Unlike the loose 
samples, the major principal strains are comparable along the length of both specimens. 
Only at 5% global axial strain does the maximum principal appear to possess a localization 
near the center of the specimens.  Like the loose samples, the strain localization persists 
and propagates up to 20% global axial strain. 
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Table 6 presents major principal strains and Table 7 presents minor principal strains for all 
four global strains in Ottawa and Q-rok dense and loose specimens at 69 and 103 kPa 
effective stress.  Table 6 shows that there was little influence of morphology, relative 
density, and effective stress on major principal strains; however, the major principal strains 
are still not accurately represented by the global axial strain. The average major principal 
strain of all the specimens at 1% global axial strain is 1.3 percent. At 5% global strain, the 
average major principal strain is 7.2 percent. While this is not a large difference, it proves 
that the major principal direction becomes less aligned with the Y-axis, which is assumed 
to be a perfectly vertical line. 
Figure 24 illustrates the change in major principal stresses between 10% and 20% global 
strain in Ottawa and Q-rok loose and dense samples at 103 kPa effective stress. At 10% 
global strain, there is shear banding in both dense specimens. While the higher major 
principal strains in the loose specimens are not as concentrated as the dense specimens, 
there is bulging present across the midsection of similar magnitude. The bulging becomes 
even more apparent at 20% global strain as does the shearing in the dense samples.  
Interestingly, Table 7 shows effective stress had little influence on the minor principal 
strain as the strain within sets of sand type and density are very similar. The 69 kPa 
effective stress specimens had slightly higher minor strains in most cases. The influence of 
particle morphology can be seen in Figure 25. For the Ottawa and Q-rok loose specimens 
at 10% global stress, the Q-rok specimen has a global stress that is 25 kPa higher than the 
Ottawa specimen; however, the major principal strain has only a 1% difference. 
Additionally, similar results are seen in the dense specimens at 5% global strain, which is 
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near the peak stress. At this point, there is a 70 kPa difference in global stress, but only a 
0.1% difference in major principal strain. This indicates that the angular particles can 
withstand more stress while experiencing almost the same deformation. This most likely 
to due to increased particle interlocking as well as rotational resistance that angular sands 
have over round sands. The influence of density is also clear in Figure 25 as the denser 
specimens experienced almost double the amount minor principal strain as their loose 
counterparts starting at 5% global strain. Figure 26 grants a visual representation of the 
strain localization that occurs in the minor principal direction at 10% and 20% global axial 
strain. The Ottawa and Q-rok dense specimens experience noticeably larger minor strains 
than the loose specimens at 10%; this is exemplified at 20% global strain as the minor 
strains in the dense samples doubles. 
Deformation Localizations and Peak Deviator Stress 
 
Figure 25 shows that strain localization can occur in the minor principal direction as early 
as 5% global axial strain; however, even though localization is occurring, the minor 
principal strain is still relatively uniform. Figure 27 provides visual comparisons of the 
minor principal strains just before peak, at peak, and just after peak as the left, middle, and 
right picture of each of the four presented sets. These four sets show that even at peak, the 
middle section is still experiencing relatively uniform strain along the face. It is only until 







A limitation when using VIC-3D for triaxial testing is the depth of focus for a given lens 
and camera system. In photography there is a tradeoff between depth of field and 
resolution. A large depth of field means that there is a large zone extending away from the 
camera that is in focus; however, as depth of field increases, there is a loss of clarity. This 
is problematic at higher axial strains when the center section of the specimen is bulging out 
towards the camera. The cameras were set and focused when the specimen was a perfect 
cylinder. If the depth of field is not large enough, when the sample expands, the cameras 
will not have the focus necessary to track the black specks. In contrast, if the depth of field 
is too large, the overall resolution will be too low to accurately track the movement. This 
was observed for Ottawa Dense specimen at 69 kPa effective confining stress. The VIC-
3D program could only accurately read the bottom fourth of the specimen at 20% global 
strain, requiring the need to remove a portion of the specimen from the analysis that was 
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Table 6: Maximum major principal strains at 1%, 5%, 10%, and 20% global axial strain for all sand 
specimens. 
 
Global Strain 1%  5% 10% 20% 
Specimen ε1 Strain (%) 
OL 69 kPa -1.40 -7.01 -13.05 -22.38 
OL 103 kPa -1.82 -7.49 -13.55 -23.01 
QL 69 kPa -2.01 -8.12 -15.28 -25.78 
QL 103 kPa -1.55 -7.65 -14.77 -24.36 
OD 69 kPa -1.26 -6.48 -13.27 - 
OD 103 kPa -0.99 -6.94 -14.22 -22.33 
QD 69 kPa -0.97 -6.69 -15.53 -25.37 





Table 7: Maximum minor principal strains at 1%, 5%, 10%, and 20% global axial strain for all sand 
specimens. 
 
Global Strain 1%  5% 10% 20% 
Specimen ε2 Strain (%) 
OL 69 kPa 0.57 3.82 9.56 23.68 
OL 103 kPa 0.63 3.63 8.94 23.85 
QL 69 kPa 0.51 3.69 9.98 27.14 
QL 103 kPa 0.58 4.21 10.08 26.09 
OD 69 kPa 1.29 8.77 22.49 - 
OD 103 kPa 0.76 7.10 18.06 41.07 
QD 69 kPa 0.50 8.12 19.64 45.04 






Figure 18: Experimental set-up using a servo-hydraulic loading system, coupled with DIC system 







Figure 19: Principle of 3D Digital Image Correlation to Track Spatially Resolve Strain Using 




Figure 20: Global stress strain curve for Ottawa sand in a loose state at 103 kPa confining pressure 
and major principal strain along a vertical line segment at global axial strains of 1%, 5%, 





Figure 21: Global stress strain curve for Q-rok sand in a loose state at 103 kPa confining pressure 
and major principal strain along a vertical line segment at global axial strains of 1%, 5%, 





Figure 22: Global stress strain curve for Ottawa sand in a dense state at 103 kPa confining pressure 
and major principal strain along a vertical line segment at global axial strains of 1%, 5%, 





Figure 23: Global stress strain curve for Q-rok sand in a dense state at 103 kPa confining pressure 
and major principal strain along a vertical line segment at global axial strains of 1%, 5%, 





Figure 24: Specimens at 103 kPa effective stress at 10% (top) and 20% (bottom) global axial strain 
in the major principal direction. 
  






























Figure 25: Four specimens at 103 kPa confining pressure and minor principal strain along a vertical 









Figure 26: Specimens at 103 kPa effective stress at 10% (top) and 20% (bottom) global axial strain 





Figure 27: Strain localization near the peak of deviator stress-strain curve for various specimen 










In conclusion, particle morphology greatly influences the initial packing, strength 
characteristics, and volumetric response of granular materials. The effect of particle shape 
and texture on initial packing, as described by the maximum and minimum void ratios, is 
greater for angular sands than round sands. Furthermore, the related ASTM standard 
method to obtain minimum void ratio did not produce the maximum and minimum void 
ratios for the two types of sand studied in this paper. The effect of particle crushing on the 
evolution of particle shape and size distribution in 1Dcompression tests was a strongly 
dependent on particle morphology. Specimens with low initial densities experienced more 
particle crushing than dense specimens. Particle shape also influences particle crushing 
with round particles experiencing less crushing than angular particles. The influence of 
grain morphology is also seen in the evolution of particle shapes after crushing under high 
stresses. The angular particles after crushing tend to become more rounded, indicating 
asperities breaking, and the round particles tend to become more angular, indicating 
diametric fracturing.  
Particle morphology also greatly influences isotropic consolidation and triaxial behavior. 
During isotropic consolidation, the loose specimens for both sands experienced more 
contraction during loading, expansion during unloading, and permanent deformation at the 
end of shearing. The volumetric strains for the dense and loose specimens of angular sand 
were greater than those for the round sand. For the range of effective stresses applied in 
this study, the influence of effective confining stress on the large strain (constant volume) 
friction angle was minimal. Also, the influence of initial specimen density was not very 
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significant; however, the peak friction angle was influenced by both initial density and the 
confining stress. The strain to peak friction angle was influenced by both the density and 
particle morphology. The strains to failure for dense specimens were significantly smaller 
than those for the loose specimens. In addition, the strain to failure for the angular sand 
was slightly larger than those for the round sand for the loose specimen. However, for the 
dense specimens, strain to peak friction angle is not very different for the two specimens 
with different particle shape. Particle shape had smaller influence on volumetric strain 
throughout testing as both loose specimens were within 2% of the final dilation state and 
the dense specimens were within 1% of final dilation value. Maximum compressive 
volumetric response was also similar for all tests; however, the round sand started to dilate 
at significantly lower axial strain than the angular sands for the loose specimens. For the 
dense specimens, the strain to dilation was not appreciably different for the two different 
sands. 
The triaxial tests performed using three-dimensional digital image correlation technique 
using VIC3D software provided a quantitative and visual representation of the spatially 
resolved surfaces strain distribution along the height of the triaxial specimen undergoing 
triaxial compression. Angular particles showed a much higher effect on the degree of strain 
localizations compared to round sands. Strain concentrations developed as early as 5% 
global strain, indicating that global strain is a poor estimation of strain throughout the 
sample from almost the beginning of the test. The influence of particle morphology was 
negligible in terms of the major principal strains within each set of high and low initial 
densities. Furthermore, effective stress made an insignificant difference on principal strains 
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at all global strains. The most prominent feature that affected results was relative density. 
For a given global strain value exceeding 1%, the major principal strain was almost double 
for dense specimens when compared with loose specimens. This larger strain indicated 
that, for the same global axial strain, there was a greater amount of strain localization 
occurring in the dense samples than the loose samples. This research has important 
implications related to interpreting the state of stress and strain in triaxial testing. To date, 
the geotechnical community has largely assumed that triaxial testing can be used for 
obtaining constitutive behavior, but present research proved that a majority of existing 
results for sand are plagued by strain localizations in a diffuse or shear band type, and thus 
need to be accounted for when interpreting true stress-strain and volume change behavior. 
Important future insight related to thickness of shear band as a function of initial particle 
size and shape and texture can now be established using the experimental protocols 
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